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Background: Endonuclease III is the prototype for a family of DNA-repair
enzymes that recognize and remove damaged and mismatched bases from
DNA via cleavage of the N-glycosidic bond. Crystal structures for endonuclease
III, which removes damaged pyrimidines, and MutY, which removes mismatched
adenines, show a highly conserved structure. Although there are several models
for DNA binding by this family of enzymes, no experimental structures with
bound DNA exist for any member of the family. 
Results: Nuclear magnetic resonance (NMR) spectroscopy chemical-shift
perturbation of backbone nuclei (1H, 15N, 13CO) has been used to map the
DNA-binding site on Archaeoglobus fulgidus endonuclease III. The
experimentally determined interaction surface includes five structural
elements: the helix-hairpin-helix (HhH) motif, the iron–sulfur cluster loop
(FCL) motif, the pseudo helix-hairpin-helix motif, the helix B–helix C loop, and
helix H. The elements form a continuous surface that spans the active site of
the enzyme.
Conclusions: The enzyme–DNA interaction surface for endonuclease III
contains five elements of the protein structure and suggests that DNA damage
recognition may require several specific interactions between the enzyme and
the DNA substrate. Because the target DNA used in this study contained a
generic apurinic/apyrimidinic (AP) site, the binding interactions we observed for
A. fulgidus endonuclease III should apply to all members of the endonuclease III
family and several interactions could apply to the endonuclease III/AlkA
(3-methyladenine DNA glycosylase) superfamily.  
Introduction 
A large number of damaged or mismatched bases in DNA
are recognized and removed by the action of DNA N-gly-
cosylases [1–4]. These enzymes cleave the N-glycosidic
bond of the target base to create an apurinic/apyrimidinic
(AP) site that is subsequently processed by the base exci-
sion repair pathway to restore the DNA to its original
sequence. Endonuclease III was originally described as an
enzyme activity from Escherichia coli that could nick
heavily irradiated DNA [5,6]. Subsequently, it was shown
that the enzyme removed ring-saturated, ring-opened and
ring-rearranged pyrimidines via an N-glycosylase activity
[7] and then cleaved the phosphodiester backbone at the
resulting AP site via a β-elimination event [8–10]. Such a
cleaved AP site can also be processed by the base excision
repair pathway [11]. 
The nth gene of E. coli was cloned [12] and sequenced and
endonuclease III was expressed and purified [13] for bio-
chemical and biophysical analysis. Endonuclease III is a
monomeric protein that contains a [4Fe–4S] cluster in the
+2 oxidation state [14]. The crystal structure of E. coli
(Eco) endonuclease III has been solved [15,16]. The
protein is elongated and contains two domains of equal
size that are separated by a deep cleft. Highly conserved
residues, including aspartic acid 138, flank the cleft, sug-
gesting that it constitutes the catalytic site of the enzyme
[16]. The two defining structural features of this enzyme
are a helix-hairpin-helix (HhH) motif and an iron–sulfur
cluster loop (FCL) motif [16]. The HhH motif contains a
characteristic sequence, LPGVG (single-letter amino acid
code), that is highly conserved among family members.
Thayer and coworkers [16] have proposed that the HhH
motif nonspecifically binds the sugar–phosphate back-
bone of substrate DNA. The [4Fe–4S] cluster, which is
not redox active [17], is not near the active site of the
protein. It has been suggested that the cluster serves as an
architectural element that positions a loop containing posi-
tively charged amino acids near the phosphodiester back-
bone of a target DNA molecule [16]. 
Remarkably, a number of other glycosylases have been
described that have a very similar amino acid sequence to
endonuclease III [2,4]. All these enzymes contain the FCL
Addresses: 1Department of Physics, University at
Albany, SUNY, 1400 Washington Avenue, Albany,
NY 12222, USA, 2Wadsworth Center and
Department of Biomedical Sciences, University at
Albany, Empire State Plaza, PO Box 509, Albany,
NY 12201-0509, USA and 3Department of
Biological Sciences, University at Albany, SUNY,
1400 Washington Avenue, Albany, NY 12222, USA.
*Corresponding author.
E-mail: baxter@wadsworth.org
Key words: endonuclease, NMR, protein–DNA
interactions
Received: 12 February 1999
Revisions requested: 30 March 1999
Revisions received: 12 April 1999
Accepted: 21 April 1999
Published: 15 July 1999
Structure August 1999, 7:919–930
http://biomednet.com/elecref/0969212600700919
© Elsevier Science Ltd ISSN 0969-2126
Research Article 919
motif, the HhH motif, and an aspartic acid residue at the
active site. The endonuclease III family of glycosylases
includes MutY protein, which removes adenines from A•G
and A•8-oxoguanine mismatches [18–23], thymine DNA
mismatch glycosylase (TDG), which removes the pyrimi-
dine from T•G and U•G mismatches [24,25], and the UV
endonuclease from Micrococcus luteus, which cleaves the 
N-glycosidic bond of the 5′ pyrimidine of a cyclobutane
dimer [26]. Endonuclease III is broadly distributed in phy-
logeny from bacteria to archaea to eukarya and has been
found in almost every genome sequenced to date. The
human homolog of endonuclease III has been described
and the gene has been cloned [27]. MutY is also found
from bacteria to humans. Other members of the endonu-
clease III family have been found only in the bacteria and
the archaea to date.
When the crystal structure of 3-methyladenine DNA gly-
cosylase (AlkA) was solved [28], it was found to have
considerable structural homology to endonuclease III,
including the HhH motif and the active-site aspartic
acid, but not the FCL motif. The gene for yeast 
8-oxoguanine DNA glycosylase (yOGG1) was cloned
[29,30] and it showed sequence similarity to AlkA,
including the HhH motif and the active site, suggesting
that there is a superfamily of DNA glycosylases includ-
ing the endonuclease III family and the AlkA family
[29,31]. No crystal structure of any member of the
endonuclease III/AlkA superfamily bound to target DNA
has been reported. The predicted interactions of these
enzymes with DNA have been based on adenine-
binding studies [32], electrostatics, sequence alignment,
and several site-directed mutants [16].
Previously we used oligonucleotides containing a
reduced AP site as a noncleavable substrate for foot-
printing, electrophoretic mobility shift analysis [33], and
fluorescence quenching studies [34]. Endonuclease III
binds tightly and specifically to this substrate. We and
others [25,35] have shown that TDG and MutY bind
tightly to product AP sites as well, confirming that the
enzymes in this family recognize oligonucleotides con-
taining AP sites. 
Here we report heteronuclear nuclear magnetic resonance
(NMR) spectroscopy data that describes the DNA-
binding face of Archaeoglobus fulgidus (Afu) endonuclease
III. Using changes in the NMR chemical shifts of back-
bone amide nuclei (1H, 15N, and 13CO), we mapped struc-
tural elements of endonuclease III perturbed upon
binding of a double-stranded oligonucleotide containing a
reduced AP site (rAP 13-mer). Because the target DNA
used in this study contained a generic AP site, the binding
interactions described here should apply to all members of
the endonuclease III family, and several interactions could
apply to the endonuclease III/AlkA superfamily. 
Results and discussion
Sequence-specific backbone resonance assignments for
free endonuclease III 
Afu endonuclease III was overexpressed in E. coli using a
T7 expression system. The purified protein has a primary
sequence of 209 amino acids, including 14 prolines. Mass
spectroscopy confirmed the presence of a covalently
bound [4Fe–4S] cluster (molecular weight = 24,018 Da).
This relatively large protein was well behaved in solution
at pH 6.5 and at a range of temperatures from 10° to 45°C.
Endonuclease III samples were long-lived in solution
when dithiothreitol (DTT) was included in the buffer and
when the sample was concentrated and sealed in the
NMR tube under inert conditions. Endonuclease III
exhibited good chemical-shift dispersion as shown in an
1H–15N correlation spectrum (Figure 1). 
Backbone resonance assignments were made using
[U-15N, 13C], [U-15N], and a series of specifically
15N-labeled endonuclease III samples. Sequential assign-
ments were largely achieved using HNCA/HNCOCA
[36–38] and HNCO/HNCACO [36,37,39] pairs of experi-
ments so that connectivities could be traced through two
independent, through-bond pathways [40]. Additionally,
these triple-resonance experiments were chosen to ensure
good sensitivity so that the majority of expected correla-
tions were observed. The completeness of these sequen-
tial pathways is indicated in a connectivity diagram shown
in Figure 2. The HNCACB [41] experiment largely pro-
vided verification of amino acid type, based on 13Cα and
13Cβ chemical shifts, as few sequential carbon resonances
were detected because of the effective size of the proto-
nated protein. Samples specifically labeled with
15N-lysine, 15N-leucine, and 15N-valine provided anchor
points in the sequence. Adding glycine, threonine, serine,
and alanine assignments, made on the basis of their
unique 13Cα and 13Cβ shifts, 95 amino acids out of 209
were assigned by amino acid type. These assignments
strongly facilitated the sequential assignment procedure,
eliminating the majority of chemical-shift degeneracies
characteristic of α-helical proteins. It was also particularly
useful having amino acid type assignments to correctly
place assigned sequences, as Afu endonuclease III con-
tains 14 prolines, which interrupt sequential assignments
based on amide resonances. Finally, [1H–15N] NOESY-
HSQC (nuclear Overhauser effect spectroscopy hetero-
nuclear single quantum coherence) [42,43] experiments
allowed tracing of sequential amide–amide connectivities
through helices and several turn structures. 
Overall, 91% of the backbone 1H, 13Cα, 13CO, and 15N
backbone resonances were sequentially assigned. The
incompleteness of the assignments can be traced to reso-
nance-overlap problems as a result of the large number of
signals, low signal-to-noise ratios due to amide proton
exchange processes in loop structures, and the presence of
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prolines that interrupted sequential connectivities. Despite
these gaps in backbone assignments, the majority of back-
bone resonance assignments are complete for Afu endonu-
clease III, providing site-specific reporters for DNA
recognition and binding events upon complex formation.
Secondary structure of Afu endonuclease III 
The secondary structure of Afu endonuclease III, shown in
Figure 2, is based on sequential NOE patterns and
13C chemical-shift indices (CSI) [44,45]. α Helices were
identified on the basis of continuous stretches of positive
consensus CSI values and amide–amide connectivities.
Using these criteria, the secondary structure pattern of Afu
endonuclease III closely matched the α-helical structure of
Eco endonuclease III, for which a high-resolution crystal
structure is available [16,46]. The primary sequences of Afu
and Eco endonuclease III, shown in Figure 3, are highly
similar, with 37% sequence identity. The Afu enzyme con-
tains the characteristic set of identical amino acids con-
served among all endonuclease III family members. The
secondary structure data from the NMR studies, in combi-
nation with the sequence alignment, leads us to propose
that the overall fold of Afu endonuclease III is similar to
the Eco endonuclease III structure, retaining all features
characteristic of this family of DNA-repair enzymes.
Through-bond connectivites were incomplete in two
regions, Arg43–Arg45 and Gly82–Phe83, due to broadened
and weakened signals. These resonances are contained in
predicted turn and loop regions. The turn between helix
B and helix C, containing Arg43–Arg45, has been impli-
cated in minor groove contact with substrate DNA [32].
Gly82, contained in a predicted hairpin loop, is highly con-
served and is thought to be involved in DNA backbone
recognition [32]. The NMR data indicated that these
residues experience enhanced exchange with water or
exist in several conformations, typical dynamic behavior
observed for amides contained in loops and turns. Addi-
tionally, flexibility for both regions may imply an induced-
fit recognition mechanism for DNA docking. 
Chemical-shift changes observed upon formation of the
endonuclease III–DNA complex
To characterize the endonuclease III–DNA complex, an
oligonucleotide duplex containing a reduced AP site was
used as a model substrate. Reduced AP sites are not
cleaved by endonuclease III because the β-elimination
reaction cannot take place if the reactive open-chain alde-
hyde is reduced to the alcohol. Endonuclease III family
members generate product AP sites, suggesting that the
AP site is a generic recognition target. Indeed, O’Handley
and coworkers [33] used quantitative gel-shift assays to
demonstrate that Eco endonuclease III specifically binds
rAP-containing (reduced AP site containing) oligo-
nucleotides. The complex between Afu endonclease III
and a 13-mer oligonucleotide containing a reduced AP site
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Figure 1
Fingerprint HSQC spectrum for free endonuclease III. (a) Complete
[1H–15N]-HSQC heteronuclear correlation spectrum of [U-15N] Afu
endonuclease III and (b) expanded view of the crowded region in the
center of the HSQC spectrum. Gray crosspeaks are resonances
folded in the nitrogen dimension. Resonances are labeled with
assignments. Gradient-based WATERGATE water suppression [70]
was incorporated into the pulse sequence. The spectrum was taken
at 30°C on a 1 mM endonuclease III sample dissolved in 95%
H2O/5% D2O, 50 mM potassium phosphate buffer, pH 6.6, 
400 mM KCl, 1 mM DTT and 0.02% NaN3 under argon atmosphere.
The HSQC spectrum resolves 167 backbone resonances out of
194 expected HSQC resonances, excluding prolines and the
N-terminal methionine.
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(rAP 13-mer) purified as a single, sharp peak by gel-filtra-
tion chromatography, suggesting a long-lived and tightly
associated complex. 
As predicted from gel-filtration studies, the Afu endo-
nuclease III–rAP DNA complex showed slow-exchange
behavior on an NMR timescale. At 1:1 stoichiometry
between the protein and the DNA substrate, many peaks
in the [1H–15N] HSQC spectrum corresponding to free
endonuclease III disappeared. There was no evidence of
resonances from the free form of the protein in the
complex spectra. The amide-resonance line widths broad-
ened significantly in the spectrum of the complex. Reso-
nance line widths for free endonuclease III were
approximately 22 Hz in the proton dimension and 28 Hz
in the proton dimension of the bound-protein spectrum,
reflecting the expected effective increase in molecular
weight upon complex formation between endonuclease
III (24,290 Da for the [U-15N] protein) and the rAP
oligonucleotide (7604 Da). Additionally, the number of
resonances observed in the complex [1H–15N] HSQC
spectrum was similar to the number of resonances found
in the free endonuclease III spectrum, consistent with a
single form of the protein–DNA complex in solution. 
There were three types of resonance changes observed in
the [1H–15N] HSQC spectra upon complex formation
(Figure 4): resonances that did not shift significantly, but
broadened; resonances that underwent significant proton
chemical-shift changes (> 0.1 ppm); and peaks that shifted
more than 0.5 ppm upon complex formation. Approxi-
mately half of all amide resonances belonged to the first
type. The remainder shifted significantly upon DNA
binding. However, the [1H–15N] HSQC spectra of both
free and DNA-bound endonuclease III contained signifi-
cant overlap in the spectrum due to the large number of
922 Structure 1999, Vol 7 No 8
Figure 2
Summary of the through-bond connectivities,
sequential amide–amide NOEs, and chemical-
shift indices (CSI) identified for assignment of
backbone resonances for Afu endonuclease
III. Along the top, the location of the helices in
Eco endonuclease III is indicated above the
complete sequence of Afu endonuclease III,
shown in one-lettter amino acid code. Four
correlations, between the 15Ni nucleus and
13C nuclei in amino acids i and i–1, provided
the basis for sequential assignments.
Through-bond correlations involving 15Ni were
identified in the following experiments: 13Cαi,
HNCA; 13Cαi–1, HN(CO)CA and HNCA;
13COi, HN(CA)CO; 13COi–1, HNCO. Solid
bars in each row indicate the presence of a
crosspeak in the spectra for these
correlations. The relative intensity of
amide–amide NOE correlations is indicated
by the height of the bar connecting residues i
and i + 1 in the row labeled dNN. The
consensus chemical-shift indices are based
on the changes from random-coil values for
both 13Cα and 13CO. These values are
contained in the bottom row of the figure
labeled CSI. A positive value is indicative of a
helical backbone conformation.
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Structure
peaks and helical nature of the protein. Consequently,
analysis of the endonuclease III–DNA complex required
[U-15N, 13C] protein and HNCO data sets. 
Pattern matching and average chemical shifts calculated
for bound endonuclease III
The HNCO experiment resolved 190 and 193 resonances
(out of 194 expected) for free and DNA-bound endo-
nuclease III, respectively. For each peak in the free
HNCO spectrum we used a basic pattern-matching
scheme described previously [47,48] to assign resonances
in the bound endonuclease III spectrum and to calculate a
minimum ppm distance, min(∆ppm), or average shift. The
minimum ppm distance was normalized to the proton
chemical-shift scale, resulting in a qualitative measure of
average chemical-shift changes. We conservatively
restricted our search for a corresponding peak in the
bound spectrum within a min(∆ppm) value less than
1.0 ppm from the free HNCO resonance. Where large
chemical-shift changes prevented conclusive assignments
in the bound HNCO spectrum, residues are reported as
having min(∆ppm) of 1 ppm.
The excellent sensitivity and resolution of the HNCO
experiments allowed us to relate 73% of the assigned reso-
nances of the free protein to resonances in the bound
spectrum. The remainder of the assigned resonances were
perturbed so greatly that conclusive assignments could not
be made using only HNCO data. Figure 5 reports the
min(∆ppm) calculated for assigned residues in Afu endo-
nuclease III. About 50% of the amino acid residues
experienced significant chemical-shift perturbations
(> 0.3 min∆ppm) upon DNA binding. The same pattern of
significant chemical-shift changes plotted against amino
acid sequence can be seen if changes in 1H, 15N, and 13CO
chemical shifts are plotted separately (data not shown). In
particular, five stretches of the sequence are strikingly
affected by DNA binding: Ala38–Glu47, Tyr84–Ala88,
Gly118–Ser123, Val138–Ala146, and Phe183–Lys201. The
min(∆ppm) values for the assigned residues in these regions
exceeded 0.7 ppm or had shifted so greatly that they could
not be assigned in the bound spectrum of endonuclease
III. Chemical-shift perturbation can be interpreted in at
least two ways [49–53]. The exquisite sensitivity of the
chemical-shift may reflect changes in the magnetic envi-
ronment affected by a conformational change in the
protein. Alternatively, chemical-shift changes may high-
light the interface between interacting molecules. The
chemical-shift changes reported here describe the effects
of rAP-DNA binding on the backbone of endoncuclease
III — some changes were due to direct DNA contact and
some were due to changes in the protein conformation
distant from the protein–DNA interface. It is most likely
that direct contacts between the protein and DNA are
mediated by both backbone and sidechain contacts, so the
absence of chemical-shift changes for backbone nuclei
does not necessarily rule out involvement of a particular
sidechain in DNA contact. Nonetheless, the qualitative
interaction map generated on the basis of chemical-shift
data was remarkably revealing of interactions between
endonuclease III and a generic DNA substrate.
To analyze the min(∆ppm) values further, we mapped the
changes onto a model Afu endonclease III structure. The
endonuclease III structure is highly conserved among
DNA glycosylase superfamily members. Using homol-
ogy modeling and energy minimization, a model of Afu
endonuclease III was generated on the basis of the
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Figure 3
Sequence alignment of four proteins of the
endonuclease III family: Afu endonuclease III,
Eco endonuclease III, Eco MutY, and Mth
thymine DNA mismatch glycosylase (TDG).
Single-letter amino acid codes are used.
Amino acids completely conserved among
endonuclease III protein family members are in
red and similar residues are in blue. Diamonds
mark well-conserved positions in the
sequence that coincide with structural
elements and sequence motifs identified in
the Eco endonuclease III and MutY crystal
structures. These include the helix B–helix C
loop (Leu40–Asp46), pseudo helix-hairpin-
helix (pHhH) (Ile78–Phe83), helix-hairpin-helix
(Leu113–Leu128) motif, helix H
(Thr140–Leu49), and the FCL
(Cys189–Cys203) motif.
                                                ♦      
-------MDPIEVIEVMEREAIK-RK-APVYHLKAEIKTPFQHLVAALLSSRTRDEATVRAAQNLFAKVK  61
-------MNKAKRLEILTRLREN-NP-HPTTELN--FSSPFELLIAVLLSAQATDVSVNKATAKLYPVAN  59
------MQASQFSAQVLDWYDKYGRKTLPWQIDK----TPYKVWLSEVMLQQTQVATVIPYFERFMARFP  60
MDDATNKKRKVFVSTILTFWNTD-RRDFPWRHTR--D--PYVILITEILLRRTTAGHVKKIYDKFFVKYK  65
                     ♦                                                                                                  ♦  ♦
KPEDLLKLSEEEIAELIKGVGFYRVKAKRLKELAKKLVEDYSSEVPLSFEELVKLPGIGRKSANVVLAYS  131
TPAAMLELGVEGVKTYIKTIGLYNSKAENIIKTCRILLEQHNGEVPEDRAALEALPGVGRKTANVVLNTA  129
TVTDLANAPLDEVLHLWTGLGYY-ARARNLHKAAQQVATLHGGKFPETFEEVAALPGVGRSTAGAILSLS  129
CFEDILKTPKSEIAKDIKEIGLSNQRAEQLKELARVVINDYGGRVPRNRKAILDLPGVGKYTCAAVMCLA  135
                                      ♦       ♦                                                                                                                                   ♦
-DIPAIPVDTHVHRIANR---LGWARTTKP----EETEEVLKRLFPLEFWEKVNRAMVGFGQTVCKPQKP  193
FGWPTIAVDTHIFRVCNR---TQFAPGKNV----EQVEEKLLKVVPAEFKVDCHHWLILHGRYTCIARKP  192
LGKHFPILDGNVKRVLARCYAVSGWPGKKE—-VENKLWSLSEQVTPAVGVERFNQAMMDLGAMICTRSKP  197
FGKKAAMVDANFVRVINR---YFGGSYENLNYNHKALWELAETLVPGGKCRDFNLGLMDFSAIICAPRKP  202
LCDECPIK-GCPRVGVK           Afu Endonuclease III
Eco Endonuclease III
Eco MutY
Mth TDG
 
RCGSCIIEDLCEYKEKVDI        
KCSLCPLQNGCIAAANNSW…       
KCEKCGMSKLCSYYEKCST        
Structure
Eco endonuclease III structure, the alignment of helices
determined by NMR methods, and the alignment of
conserved amino acids. Figure 6 demonstrates that all
amino acids greatly affected by DNA binding
(min(∆ppm) > 0.5 ppm) are located on one face of the
protein, evidence of a unique, contiguous binding site
for DNA substrate. For consistency, the helices are
labeled A–J, as denoted for the Eco endonuclease III
structure. The interaction map suggests that the chemi-
cal-shift perturbations largely reflect a contact surface,
not a global conformational change. The resulting chem-
ical-shift map of endonuclease III bound to DNA
defines not only an interaction surface but also high-
lights five regions of the protein that are greatly affected
by DNA binding. Residues in the hairpin loop of the
HhH motif (Gly118–Ser123), in helix J and the FCL
motif (Phe183–Ile200), in the helix B-loop-helix C
region (Ala38–Glu47), in the N-terminal portion of helix
E (Tyr84–Ala88), and in helix H (Val138–Ala146) show
dramatic chemical-shift changes upon endonuclease
III–DNA complex formation. 
Tainer and coworkers pointed out characteristic and con-
served structural elements in the Eco endonuclease III
[16] and MutY [32] crystal structures that led to a set of
testable hypotheses regarding the endonuclease III
family–DNA interface. Thayer and coworkers first noted
the helix-hairpin-helix (HhH) motif formed by helices F
and G in structural studies of Eco endonuclease III. On
the basis of high sequence conservation and their crystal
structure, they proposed that glycine amide protons in the
hairpin loop interact nonspecifically with DNA phos-
phates. Gly118 and Gly120, the homologous glycines in
Afu endonuclease III, each experienced dramatic chemi-
cal-shift changes upon DNA binding, further implicating
these HhH residues in DNA binding. Additionally, in the
free form of the protein, these glycine amide resonances
were significantly broadened, suggesting that in solution
they are exposed to solvent or contained in a flexible loop.
Interestingly, the chemical-shift changes upon DNA
binding do not encompass the entire lengths of helix F
and helix G, supporting the idea that the helices position
loop residues for DNA interactions. Indeed, the chemical-
shift perturbation was not symmetric across the HhH
element. DNA binding primarily affected residues in the
hairpin loop and the N-terminal end of helix G of the
HhH element, which contains Lys120, the active-site
nucleophile for endonuclease III [16]. 
Thayer and coworkers [16] also highlighted the FCL
sequence motif in the Eco endonuclease III structure. The
FCL motif is contained in a solvent-exposed loop
between the first two [4Fe–4S] cluster cysteine ligands,
and forms a structure similar to zinc-binding motifs found
in DNA-binding proteins like Gal4. In Eco endonuclease
III this loop contains charged residues that could contact
924 Structure 1999, Vol 7 No 8
Figure 4
Fingerprint HSQC spectrum for DNA-bound endonuclease III.
(a) Complete [1H–15N]-HSQC heteronuclear correlation spectrum of
[U-15N] Afu endonuclease III bound to rAP ds13-mer (1:1 complex)
and (b) expanded view of the crowded region in the center of the
HSQC spectrum. Gray crosspeaks are resonances folded in the
nitrogen dimension. Resonances are labeled with assignments. The
spectrum was collected at 30ºC on complex dissolved in 50 mM
potassium phosphate buffer, pH 6.6, 400 mM KCl, 1 mM DTT and
0.01% NaN3. Resonances are labeled with assignments. Several types
of resonance changes due to complex formation can be observed in
the spectrum: K68 (6.9 x 115.8 ppm) did not shift significantly; K89
(6.8 x 116.1 ppm) shifted significantly in the proton dimension
( > 0.1 ppm); and N147 (7.7 x 115.0 ppm) shifted more than 0.5 ppm
in the proton dimension upon complex formation.
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the DNA backbone. Specifically, a conserved lysine at
position 191 in Eco endonuclease III, contained in the
FCL motif, has been implicated in DNA binding by
mutagenesis studies. The chemical shift interaction map
shows that a stretch of residues in the C-terminal end of
helix J and the FCL loop are affected by DNA binding.
The conserved lysine, Lys192 in Afu endonuclease III,
and residues flanking it all shift more than 0.5 min(∆ppm)
upon DNA binding. Surrounding residues in Afu endo-
nuclease III differ significantly from the Eco sequence,
however. Arginines at positions 190 and 193 are replaced
with glutamines in the Afu structure. Afu endonuclease III
contains an arginine at position 194, replacing a leucine in
the Eco sequence. However, interactions mediated by
sidechain atoms, whether electrostatic or hydrogen-
bonding in nature, may cause a change in loop structure
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Figure 5
Weighted minimal chemical-shift differences,
min(∆ppm), for backbone nuclei of Afu
endonuclease III upon DNA binding plotted
against residue number. The location of
characteristic structural elements and
sequence motifs of the endonuclease III
protein family are noted at the top of the
graph. The average min(∆ppm) value
(0.32 ppm) is shown by the dashed line. Gray
bars with values of 0.02 ppm represent
residues that are not significantly perturbed
upon rAP-oligonucleotide binding. Blanks and
gaps in the graph represent prolines and
unassigned residues in the endonuclease III
sequence.
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Figure 6
Illustration of the homology modeled structure
of Afu endonuclease III showing DNA-induced
chemical-shift perturbations along the protein
backbone. The backbone tube representation
was created using the program SETOR [71].
Two views of the structure are shown, related
by a 180° rotation about the vertical axis.
(a) The front of endonuclease III, largely
encompassing the interaction surface, and
(b) the back of the protein. The color ramps
have been selected so that residues with
minimal chemical-shift perturbation less than
the average, (min(∆ppm) ≤ 0.32 ppm, are
colored blue; residues with perturbation
between min(∆ppm) = 0.32 ppm and one
standard deviation from the corresponding
mean value (min(∆ppm) = 0.52 ppm) are
colored green; and residues with
min(∆ppm) ≥ 0.52 ppm are colored red. Gray
indicates prolines and unassigned residues.
Yellow and red spheres represent sulfur and
iron, respectively, in the characteristic
[4Fe–4S] cluster.
that is transmitted to helix J. The sequence similarities,
conservation of the [4Fe–4S] cluster, and NMR data
showing large chemical-shift changes, support the impor-
tance of the FCL loop in DNA binding and recognition.
Interestingly, the C-terminal residues (Val206–Lys209)
are largely unaffected by DNA binding as judged from the
chemical shift perturbation studies presented here. These
residues lie on the back surface of the protein (Figure 6b).
The C-terminal residues, together with the FCL loop,
helix H, and helix J, form the hydrophobic pocket that
sequesters the [4Fe–4S] cluster from solvent. Previous
studies have determined that the iron–sulfur cluster is cat-
alytically inactive and redox-silent upon DNA binding
and cleavage. The NMR data support these findings and
reinforce the idea that the [4Fe–4S] cluster is an architec-
tural scaffold that supports structural elements that
mediate DNA binding.
Recently Guan and coworkers [32] identified a pseudo
HhH formed by helices 4 and 5 in MutY, another member
of the endonuclease III family. These researchers pro-
posed that both the HhH and the pseudo HhH loops
closely approach the DNA backbone from opposite sides
of the catalytic cleft and effect a ‘pincher’ grasp on the sub-
strate backbone. In Afu endonuclease III, the homologous
pseudo HhH is formed by helices D and E. The Afu
sequence, in fact, contains a GVG sequence in the loop
connecting helices D and E, similar to the pseudo HhH
sequence identified in Eco MutY. However, the NMR data
suggest that the amide proton of Gly80 does not make
direct hydrogen-bonding DNA contact — it has a minimal
chemical-shift perturbation (min∆ppm = 0.23 ppm) upon
DNA binding. Other endonuclease III family members do
not have a glycine at position 80. Unfortunately, the com-
pletely conserved Gly82 is unassigned in Afu endonuclease
III. However, dramatic chemical-shift changes are seen for
residues at the N-terminal end of helix E, including two
positively charged residues, Arg85 and Lys87. Thus, the
NMR data support involvement of the pseudo HhH in
DNA binding.
Guan and coworkers [32] also proposed that helix 2 and
helix 3 in the MutY structure form a minor groove reading
patch. Analysis of the complex formed by a catalytically
inactive MutY protein and adenine suggested that the
helix2/helix3 motif would recognize the minor groove of
DNA substrate. The homologous structural element in
Afu endonuclease III is formed by helices B and C. The
chemical shift interaction map highlights a stretch of the
protein backbone, formed by residues from Ala38 to
Ala48, encompassing the C-terminal end of helix B, the
intervening turn, and the N-terminal end of helix C. The
loop between helices B and C contains an arginine at posi-
tion 43. This position is highly conserved in various
members of the endonuclease III family. It is usually
occupied by a glutamine with arginines being present in
several cases, including Afu endonuclease III. The NMR
data highlight the importance of this structural element in
DNA binding.
In addition to motifs and elements suggested by model
studies and crystallographic analysis, the chemical shift
interaction map implicates an additional structural
element of endonuclease III involved in DNA binding
and recognition. Large chemical-shift perturbations were
observed for backbone atoms in helix H, encompassing a
stretch of residues from Val138 to Arg148. Helix H con-
tains the completely conserved aspartate at position 139,
which is thought to be catalytically important. Addition-
ally, two highly conserved arginines at positions 144 and
148 in Afu endonuclease III are located in this helix. The
model of Afu endonuclease III suggests that these two
arginine sidechains may point into the cleft of the protein.
The chemical-shift change for the backbone nuclei of
these arginines was significant, and large changes in mag-
netic environment were seen for the surrounding helical
residues, suggesting an entire realignment or movement
of this helix upon DNA binding.
Among residues that showed significant shifts that are not
on the continuous DNA-interaction surface, two regions
seem important. First, Val21 and Tyr22 experienced sig-
nificant chemical-shift perturbations upon DNA binding.
These residues are contained in a linker segment that
joins the two lobes of the endonuclease III structure.
Guan and coworkers [32] noted a variability in the inter-
domain cleft among equivalent domains of Eco endonu-
clease III, AlkA, and MutY, and suggested that the linkers
between the two domains may allow a clamping motion.
The NMR data suggest that motion may be accommo-
dated by the linker loop containing Val21 and Tyr22. Sec-
ondly, significant chemical-shift changes were noted for a
stretch of residues from Phe168 and Glu174 in the loop
between helices I and J, which is located at the back of the
protein. Presumably DNA binding could cause a propa-
gated change in helix packing around helix H that is
accommodated by a conformational change in the loop
connecting helices I and J. Apart from these two changes,
the back of the protein was remarkably unperturbed, as
determined by chemical-shift mapping, suggesting that
the opposite face of the endonuclease III structure does
not undergo large conformational changes, such as a loss or
gain of helical structure, upon DNA binding.
In summary, Figure 7 shows a cartoon model of the
DNA–Afu endonuclease III complex based on the NMR
chemical shift interaction map, the predicted electrostatic
surface, previous crystal structures of endonuclease III
family members, and site-directed mutagenesis studies.
The surface of the model is colored by Coulomic electro-
static potential. The positively charged potential surfaces
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form patches that run across one face of the protein, span-
ning both lobes of the endonuclease III structure. This
positively charged surface is in striking agreement with
the NMR-based DNA interaction map shown in
Figure 6a. Notably, the solvent-accessible face of Helix H
forms a positively charged surface in the cleft of the
protein. In contrast, residues at the back of the protein
(Figure 6b) experienced only minor chemical-shift pertur-
bation upon DNA binding and the GRASP model sug-
gests that this side of the molecule has very little positive
electrostatic surface for DNA docking (data not shown).
The model constructed here suggests that the bound sub-
strate might require a slight bend to lie along the cleft of
the protein and involve Helix H in DNA docking. 
Biological implications
DNA-repair enzymes must recognize and remove
damaged, inappropriate, and mismatched bases from
DNA molecules. The mode of recognition of the target
base must be variable for the different substrates that are
recognized [54]. In theory, inappropriate or damaged
bases can be recognized directly because they are struc-
turally and chemically dissimilar from the four canonical
bases. To remove one particular base from a mismatch
requires that additional information, in the form of the
two bases in the mismatched base pair, be used because
the target base is a normal base. A mismatched base pair
may be recognized by the overall structure of the mis-
match, or by examining both bases separately to see if
they constitute a canonical Watson–Crick base pair.
Bases can be identified on the basis of shape, size,
hydrophobicity, hydrogen-bonding properties, and/or
electronic structure. 
Specific examples reveal how several enzymes recognize
target bases in DNA. It has been shown that uracil
N-glycosylase recognizes uracil by flipping the base out
of the DNA duplex and into a deep binding pocket
[55,56]. This pocket contains amino acids that exclude
thymine and purines on the basis of steric bulk, and that
hydrogen bond to the exocyclic oxygen O4, which differ-
entiates uracil from cytosine. OGG1, which recognizes
and removes 8-oxoguanine from DNA, shows an oppo-
site base dependence because 8-oxoguanine is most
readily removed when found opposite a cytosine [57,58].
This enzyme must examine both the damaged target
base and the normal base-pair partner. TDG (thymine
DNA mismatch glycosylase), which removes the
thymine from a T•G mismatch, binds equally well to
oligonucleotides containing either a T•G mismatch or a
G opposite an apyrimidinic (AP) site [25], the product of
the enzyme action. These results suggest that the target-
base thymine does not contribute substantial binding
energy to this enzyme–DNA recognition complex. It has
been shown that the HhaI methyltransferase uses a
base-flipping mechanism [59,60]. The enzyme will also
flip a uracil or an adenine into its catalytic pocket, which
normally converts cytosine to 5-methylcytosine [61]. In
this case, the catalytic pocket does not contribute to sub-
strate specificity in a structural sense, but does differenti-
ate between correct and incorrect bases due to its
inability to chemically transfer a methyl group to uracil
or adenine. Repair glycosylases thus display multiple
mechanisms for damage recognition, including target-
base recognition, opposite-base recognition, base-pair
recognition, and chemical editing. The recognition of
target bases by other DNA-repair enzymes probably
involves several of the strategies outlined above. One
might expect that the DNA strand containing the
damaged base is contacted and possibly compressed to
allow the base to flip out of the helix. The opposite strand
might also be contacted and the so-called ‘orphan’
base might be examined for identity as well. The target
base might be flipped into a catalytic pocket that could
contain structural residues that identify the base and cat-
alytic residues that promote N-glycosidic bond cleavage.
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Figure 7
A proposed model of DNA binding to Afu endonuclease III consistent
with the interaction surface predicted by the chemical shift
perturbation data and the calculated electrostatic surface potential.
Electrostatic potential of the model of Afu endonuclease III was
calculated using the program GRASP [72]. Regions of positive
electrostatic potential are colored blue; negative surface charges are
colored red. Positive surfaces span both lobes of the protein and are
located in the catalytic cleft of the protein and at the surface formed by
helix H. The cartoon model suggests a mode of DNA binding that
places the DNA substrate in close proximity to Arg43 in the helix
B–helix C loop and Arg144 and Arg148 contained in helix H.
In other cases the pocket might provide only catalytic
residues that chemically edit the flipped-out base.
We have begun to map the interactions that occur when
endonuclease III binds to DNA. We have chosen to use
an oligonucleotide containing an AP site because we
believe it may reflect many of the interactions made by
repair enzymes of different substrate specificities. DNA
footprinting [33] and our present work suggest that both
DNA strands are contacted and that five elements of the
protein structure are involved. The protein contacts at
positions in the HhH (helix-hairpin-helix) and pseudo
HhH could serve to compress the phosphodiester back-
bone of the strand containing the damaged base, as sug-
gested by Guan and coworkers [32]. The helix B–helix C
loop is in position to interact with the opposite strand and
the orphan base. These contacts could help push the
damaged base out of the helix and could also be involved
in orphan-base recognition and binding. The contacts at
the FCL (iron–sulphur cluster loop) motif would allow
nonspecific binding of the enzyme to the DNA. The con-
tacts at helix H are near the catalytic pocket and could
reflect binding of the AP site or interactions with the
phosphodiester backbone adjacent to the AP site. Our
results clearly indicate that several interactions occur
between endonuclease III and a DNA substrate. We
now have the basis for rational site-directed mutagenesis
to dissect the functions underlying these multiple interac-
tions, which provide a platform for tailored specificity
among different endonuclease III family members.
Materials and Methods
Protein expression and purification
The gene encoding Afu endonuclease III was found using a Gapped
BLAST [62] search with E. coli endonuclease III as the query
sequence. The Afu endonuclease III gene was amplified from genomic
DNA by PCR. The amplified gene was cloned into the expression
vector pET24a (Novagen, Inc.). The expression plasmid was trans-
formed into E. coli BL21 (DE3) and Afu endonuclease III was purified
from induced cells. 
For [U-15N, 13C] endonuclease III, cells were grown at 37°C in M9
medium supplemented with 0.1% of ferric citrate and with 0.5 g/l of
12C-glucose and 1 g/l of 15NH4SO4 as the sole carbon and nitrogen
sources until the cell culture reached an absorbance of 0.7 OD at
600 nm. It was determined that at this cell density all the glucose in the
medium was consumed and the cells stopped growing. At this point,
0.5 g/l of uniformly labeled 13C-glucose was added and protein overex-
pression was induced by addition of isopropyl-β-D-thiogalactoside
(IPTG) to a concentration of 1.0 mM . After 3 h of induction, cells were
harvested by centrifugation. After lysis and batch precipitation of DNA,
the protein was purified using cation exchange, heparin affinity and
size-exclusion chromatography. The final yield was 6 mg/l of uniformly
13C, 15N labeled Afu endonuclease III with 13C isotope enrichment of
93% (100% enriched = 25,335 Da), according to ESI (electrospray
ionization) mass spectroscopy. 
[U-15N] Afu endonuclease III was purified from cells grown in M9
medium with (15NH4)2SO4 at 1 g/l as the sole nitrogen source. Cells
were induced at 0.8 OD600 for 4 h and the purification procedure was
the same as that used for the double-labeled sample. The final yield of
protein was 13 mg/l. ESI mass spectroscopy confirmed 99% 15N
enrichment and proper expression (100% enriched = 24,290 Da). 
For specific labeling with 15N lysine, 15N valine, and 15N leucine, cells
were grown on defined rich medium with addition of 15N-labeled lysine,
leucine, or valine [63]. The cells were induced at 0.4 OD600 for 3 h and
then harvested. The overexpressed protein was purified using cation-
exchange chromatography. Homogeneity of the protein at this point
was > 95% as estimated by Coomassie Blue staining of gels from
sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS–PAGE). The sample was exchanged into NMR buffer (50 mM
potassium phosphate buffer, pH 6.6, 400 mM KCl, 1 mM DTT and
0.01% NaN3). The final yields were approximately 14 mg/l for the
specifically labeled proteins.  
Purification of rAP 13-mer
Oligonucleotides, 5′-GCGCAGUAGCCG-3′ and 5′-CGGCTGACT-
GCGC-3′, were purchased from Oligos Etc. The uracil-containing
oligonucleotide (1 mM, 2 ml) was incubated for 3 h with uracil N-glyco-
sylase at 50 µg/ml in 30 mM HEPES-KOH pH 8.0, 50 mM KCl, 1 mM
EDTA at 37°C, followed by the addition of sodium borohydride to the
concentration of 0.6 M. After 10 min incubation, the reduction reaction
was terminated by the addition of HCl. The resulting oligonucleotide
was purified by anion-exchange and reversed-phase chromatography.
The complementary oligonucleotide was purified by the same proce-
dure. Oligonucleotide concentrations were determined spectroscopi-
cally using millimolar extinction coefficients of 111.1 mM–1 cm—1 for the
for rAP 13-mer and 112.7 mM—1 cm–1 for the complementary strand. 
NMR experiments
NMR experiments were performed on a Avance Bruker 600 MHz spec-
trometer. Protein samples, with concentrations ranging from 1 to 2 mM,
were dissolved in NMR buffer (50 mM potassium phosphate, pH 6.6,
400 mM KCl, 0.02% NaN3, 1 mM DTT) and sealed in NMR tubes under
argon atmosphere. To prepare the protein–DNA complex, a solution of
5 mM rAP 13-mer dissolved in NMR buffer was titrated into a 0.8 mM
[U-13C, 15N] endonuclease III solution until the DNA was in slight
excess (1:1.2). The complex was degassed and sealed in the NMR
tubes under argon atmosphere. All NMR experiments were collected at
30°C. HNCA, HN(CO)CA, HNCO, HN(CA)CO, HNCACB triple-reso-
nance experiments were acquired with previously described pulse
sequences [36–39,41,64] and included constant-time nitrogen evolu-
tion, WATERGATE [65] water suppression and continuous 1H WALTZ-
16 [66] decoupling to minimize 13C relaxation. Spectral widths in 1H,
15N, 13C, and 13CO dimensions in all experiments, except HNCACB,
were 2155.2, 1317.7, 3800, and 1509 Hz, respectively, with the
proton carrier set to the center of the amide proton region. Spectral
width in HNCACB experiment was 10,000 Hz in 13C dimension.
Acquired data matrices contained 512 × 24 × 32 complex data points.
The 15N-filtered NOESY spectrum [42,43] was acquired with 2155.2
and 6540 Hz proton and 1317.7 Hz nitrogen spectral widths and the
proton carrier was set to the middle of the amide resonances. The
acquired data matrix contained 512 × 64 × 128 complex data points.
15N-HSQC spectra were collected with proton and nitrogen spectral
widths of 2155.2 and 1317.7 Hz, respectively. The 15N-HSQC data
matrix contained 512 × 128 complex data points.
All spectra were processed and analyzed using Felix 97.0 (Molecular
Simulations, Inc.) software. Chemical shifts were referenced to DSS
(sodium 2,2-dimethyl-2-silapentane-5-sulfonate). For the triple-reso-
nance experiments an exponential window function with a linewidth of
2 Hz was applied to all data sets in proton dimensions. In carbon
dimension, indirect FIDs (free induction decays) were apodized with a
skewed sinebell window function, zero filled to twice the size and
Fourier transformed. 15N dimensions were apodized using an exponen-
tial window function and zero filled to 62 complex points, Fourier trans-
formed and phased. Three-dimensional data sets from the HNCA,
HN(CO)CA, HNCO, and HN(CA)CO and HNCACB experiments con-
sisted of 512 × 64 × 64 real points. For 15N-NOESY-HSQC spectra
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apodization and zero filling were employed similarly to yield final
spectra of 512 × 128 × 64 real points.
Minimal ppm distance [47] for the pattern matching in the bound
HNCO spectrum was calculated by:
Minimum (∆ppm) = min{[(HN∆ppm)2 + (N∆ppm×σN)2 + (CO∆ppm×σCO)2]1/2} 
where HN∆ppm, N∆ppm, and CO∆ppm were the 1H, 15N, and 13CO chemi-
cal-shift differences between HNCO correlations for substrate-free and
DNA-bound endonuclease III. Scaling factors, σN = 0.17 and
σCO = 0.40, were ratios of chemical-shift ranges, based on the atom-
specific chemical-shift dispersion observed in the endonuclease III
spectra: 4 ppm for 1HN; 24 ppm for 15N; and 10 ppm for 13C. The
scaling factors allowed normalization of the minimum ppm to the proton
chemical-shift scale [47]. A peak in the bound HNCO spectrum was
correlated to that of free HNCO if the min (∆ppm) between those peaks
was less than 1 ppm, otherwise the min (∆ppm) was reported as 1 ppm.
Homology modeling
Homology modeling was performed using the Swiss-Model optimiza-
tion mode prepared by Swiss-PDB Viewer [67,68]. Sequence align-
ment between Eco endonuclease III and Afu endonuclease III was
based on alignment of conserved residues and the homology of the
secondary structures as revealed by the NMR experiments. Energy
minimization was performed using GROMOS96 with successive appli-
cation of 200 cycles of steepest descent and 300 cycles of conjugate
gradient minimizers. The relative position of the four conserved cys-
teines ligating the [4Fe–4S] cluster was restricted during energy
minimization. The resultant structure was further refined with the DIS-
COVER program (Molecular Simulations, Inc.) employing the all atom
version of AMBER as a force field. Energy minimization was performed
until the maximum derivative of energy fell below 0.5 kcal/mol
(2.1 kJ/mol). The quality of the resultant structure was estimated by the
PROCHECK program [69]. 86.5% of the Afu endonuclease III
residues fall into the most favorable region of the Ramachandran plot,
13% to the allowed region and one amino acid, Ser42, into the disal-
lowed region. A backbone atom rms deviation of 1.04 Å was calculated
by comparing the model to the Eco endonuclease III crystal structure. 
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